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Abstract 
This paper describes an experimental study relating force and strain calculations to a physical 
measurement. Using a strain gage, a laboratory set up detects microStrains in a cantilever beam. The 
strain gage is connected to a cantilever beam whose lead wires are configured in a quarter Wheatstone 
bridge. LabView, a user interface program, is used to translate changes in wire resistance on the strain 
gage into a numerical value, in microStrains. This laboratory experiment is intended for students to 
physically and visually understand how force relates to strain. 
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Introduction/Background 
Strain 
Strain is the relation of deformation on a body due to stress. Equation 1 shows that strain is a purely 
geometric quantity.  
  EQ 1 
 
Equation 1 relates a body’s original length, l0, to its new length after undergoing stress. Because the 
concept represents a length divided by a length, strain is a dimensionless unit.  Strain explains the 
displacement of a body through its uses of vector quantities.  When a body is subject to multiple 
displacements, multiple vector quantities can be represented. Motion of a body is defined as either 
rigid-body motion or deformation (Dally). 
 
Rigid-body motion is the rotation or translation of a body as whole (Dally). This definition ignores elastic 
and plastic deformations, indicating that rigid-body motion relates to rotations and translations. 
Deformation explains property constraints of a body in regards to elastic and plastic deformation (Dally).  
Elastic deformation is a type of deformation in which a body will deform under a given stress.  When 
that stress is released, the body will return to its original form. In plastic deformation, a given stress will 
deform a body past its elastic deformation limits into a region named plastic deformation, and subject to 
irreversible damage. A graph shown in Figure 1 is a general outline of deformation materials undergo 
before fracture (Davis). 

  (l  l0)
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Figure 1 – Stress/Strain graph showing elastic and plastic region (Davis) 
 
Stress 
When a body is loaded with a force, the material must compensate for this load by altering the shape of 
its body.  Stress is a term that defines an applied force over a given cross-sectional area.  Depending on 
the area, force, material, temperature, and other factors, stress can subject the body to failure (Stress 
and Strain).  The study of stress allows for the understanding of if and when a material will fail.   
 
Stress can be expressed as the following equation, 
 EQ 2 
 
meaning that the stress vector, σ, is equal to the rate in which the force vector, ∆F, changes with respect 
to the change of a cross sectional area of a given body, ∆A (Khan). In this example, stress is represented 
as a vector to satisfy the instantaneous changes of both force and area.  Because stress can be solved 
with vector components, equation 2 can be rewritten as the following, 

  lim
A0
(F /A)
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  EQ 3 
 
where the stress vector is now equal to the normal and sheer stress components, σn and τ, along with 
their respective directions, n and t, located on body ‘p’, as shown in Figure 2 (Khan). 
 
 
Figure 2 Resolution of σ into two components (Khan). 
 
The altered equation shown in equation 3 is used to explain how stress is related to its normal and 
tangential components and allows for an understanding of stress in a two dimensional setting.  
However, stress is not limited to two dimensions. Stress can be resolved using three Cartesian 
components for any chosen Cartesian coordinate system (Khan).   
  EQ 4 
 
Equation 4 represents stress as expressed in three Cartesian components, with each subscript 
representing the plane in which the stress component acts and its direction, respectively. It is important 

 n * n * * t

  xxi  xy j  xzk
January 27, 2016 [COMPARING STRAIN GAGE MEASUREMENTS TO FORCE 
CALCULATIONS IN A SIMPLE CANTILEVER BEAM] 
 
6 | P a g e  
MQP, Hazel 
to calculate stress in three stress components, which allows equations of stress transformation to be 
applied in order to calculate stress components acting upon a body, theoretically visualized in Figure 3.  
 
 
Figure 3 Cartesian stress components acting on a cube (Khan). 
 
Stress-Strain Relation 
When a body is subjected to a load, the amount of deformation can be expressed as the following: 
  EQ5 
 
Equation 5, formally known as Hooke’s law, utilizes Young’s modulus of elasticity, E, to create a relation 
between the stresses applied to a body and the strain the body endures. Young’s modulus is a property 

x x /E
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of a material defining a body’s resistance to elastic deformation. As seen in Figure 1, Stress/Strain graph 
showing elastic and plastic region (Davis), Young’s modulus applies to the linear elastic region (Khan). 
 
A uniaxial stress being applied to a body experiences lateral strains in the εzz and εyy direction, as 
shown in Figure 4, create a relation known as Poisson’s ratio, v.  For most structural metals, Poisson’s 
ratio has a value approximately 1/3 (Khan).  
 
 
Figure 4 - Diagram showing the definitions of vertical and lateral compressive strain, Young’s modulus 
and Poisson’s Ratio. From Batzle et al; 2006. 
 
With this relation, stress and strain can be expressed as the following equation: 
 EQ6 

y z  v*(x /E)  v*x
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Because only linear elastic deformations are being considered within the scope of this project, the 
principle of superposition can be applied. Equations 5 and 6 can be rewritten as:  
 EQ7 
 
These equations are used to relate strains due to stresses in the x, y, and z directions (Khan). 
 
Strain Gage and Strain Gage Measurements 
A strain gage is an instrument used to calculate the strain acting upon an object and converts changes of 
electrical resistance into desired values, i.e. (“force, pressure, tension, weight, etc.”) (Omega). The 
electric resistance strain gage was first reported in 1856 by Lord Kelvin, who used copper and iron wires 
in tension and discovered their change in resistance (Khan). From this, Lord Kelvin was able to use a 
Wheatstone bridge to calculate resistances and noted that “(1) the resistance of the wire changes as a 
function of strain; (2) different materials have different sensitivities; and (3) the Wheatstone bridge can 
be used to measure these resistance changes accurately”. Since then, strain gages have evolved into a 
commercial setting and are used in industrial and academic laboratories throughout the world. In 
association with a Wheatstone bridge, this measuring system has become ‘highly perfected’ (Dally). 
 
Common electrical resistance strain gages consist of a thin film used as a backing material.  This material 
is used as an insulator and carrier for strain on a given object (Khan). Strain gages include terminals for 

 x  (x /E)  (y /E)  (z /E)
 y  (x /E) (y /E)  (z /E)
 z  (x /E)  (y /E) (z /E)
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lead wire connections.  As seen in Figure 5, a strain sensing element is located on top of the backing 
film, which are constructed from various metals. The metallic material is looped into a ‘grid pattern’ in 
an orientation to obtain necessary resistance values for a given experiment (Khan). Figure 6 shows 
different strain sensing material orientations.  
 
 
Figure 5 – Strain Gage (Omega) 
 
 
Figure 6 – other orientations of sensing material used on a strain gage (Khan) 
 
Strain gages are applied to an object through adhesive procedures and is regarded as “one of the most 
critical steps in the entire course of measuring strain” (Khan). Figure 7 outlines steps necessary to apply 
a strain gage to an object using the tape method (Dally). Incorrect adhesion of a strain gage to an object 
can lead to biased results in the form of incorrect “gage restistance, apparent gage factor, hysteresis 
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characteristics, [and] resistance to stress relaxation” (Dally). The curing process for an adhesive is critical 
because the adhesive will withstand initial volume expansion due to temperature, followed by volume 
reduction due to polymerization. Curing techniques include the object being subjected to proper 
pressure and temperature specific to how the strain gage will be used (Dally). These processes must 
follow proper application do avoid distorted results.  
 
 
Figure 7 – The tape method of bonding foil strain gages with flexible carriers: (a) position gage and 
overlay with tape; (b) peel tape back to expose gage bonding area; (c) apply a thin layer of adhesive over 
the bonding area; (d) replace tape in overlay position with a wiping action to clear excess adhesive 
(Dally) 
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Wheatstone Bridge 
The Wheatstone bridge is a circuit configuration that allows for a change in resistance when subjected 
to strain.  The circuit produces an output voltage related to strain and balances itself by adjusting the 
resistivity of the bridge (Dally). Because of this, a Wheatstone bridge is “used to record strain gage 
outputs in static and dynamic applications” (Khan). Figure 8 represents a constant-voltage Wheatstone 
bridge. 
 
 
Figure 8 – Constant-voltage Wheatstone bridge (Khan) 
 
The applied voltage across the Wheatstone bridge can be expressed in the following equations: 
 EQ8 
 EQ9 
 

Vab [R1 /(R1R2)]*V

Vad [R4 /(R3 R4)]*V
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By subtracting Equation 8 from Equation 9, the output voltage, E, can be expressed in the following 
equation: 
  EQ10 
 
From Equation 10, it is understood that the bridge will become balanced when R1*R3 = R2*R4.  This 
equation also explains that a bridge will balance itself by adjusting the resistance(s) in the other arms of 
the bridge (Khan). This concept is expressed in the following equation where the change in output 
voltage, ΔE, is related to the change in resistances, ΔRx: 
 EQ11 
 
“After second-order terms (e.g., ΔR1 * ΔR3) and relatively smaller terms (e.g., R1 * ΔR3) within the 
denominator, Equation 11 can be rewritten as” (Khan): 
 EQ12 
  
For clarity, let R2/R1=m, to allow Equation 12 to be rewritten as a general expression to measure strain 
over a Wheatstone bridge (Khan): 
  EQ13 
 

E Vab Vad {(R1*R3 R2 *R4 ) /[(R1 R2)*(R3 R4 )]} *V

E 
(R1 R1)(R3 R3)  (R2 R2)(R4 R4)
(R1 R1 R2 R2)(R3 R3 R4 R4)
*V

E V *
R1*R2
(R1 R2)
2
*(
R1
R1

R2
R2

R3
R3

R4
R4
)

E V *
m
(1m)2
*(
R1
R1

R2
R2

R3
R3

R4
R4
)
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Wheatstone bridges can be arranged into different categories: quarter bridge, half bridge, and full 
bridge. These bridges are defined by the number of active strain gages used within the circuit. Different 
types of quarter bridge configurations are shown in Figure 9. 
 
 
Figure 9 - Quarter bridge arrangements (Khan) 
 
The active gage, Rg, is the only arm within the quarter bridge that experiences a mechanical strain 
(Khan).  The arms that remain unlabeled in Figure 9 are fixed resistors.  The quarter bridge can contain 
an optional ‘dummy’ gage, Rd, that is used for temperature compensation. By placing the dummy gage 
onto an unstressed part of the object or an object similar in material and temperature exposure, both 
the active and dummy gage will experience the same temperature changes and balance each other.  
 
Shown in Figure 10 are the circuit diagrams for a half bridge. 
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Figure 10 - Half bridge arrangements 
 
The use of a half bridge configuration has advantages when compared to the quarter bridge. A half 
bridge has higher bridge sensitivity and automatic temperature compensation.  Because the half bridge 
contains one more active gage in comparison to the quarter bridge, the half bridge is able to detect 
smaller strains more accurately (Khan). 
 
 
Figure 11 – Full bridge arrangement (Khan) 
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Shown above in Figure 11 is the circuit diagram for a full bridge configuration.  In comparison to the 
quarter bridge, the full bridge can have an efficiency of 200% (Khan).  It is noted that “installing 
additional gages for a given strain measurement is rarely warranted except for transducer applications” 
(Dally).  
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Measurement 
The focus of this project is for students to measure force using tools provided in Engineering 
Experimentation, a mandatory course for undergraduate Mechanical Engineers at Worcester 
Polytechnic Institute. While measuring applied force, students will also calculate strain in order to 
reinforce their findings. These measurements will allow students to compare theoretical computations 
to a physical problem.  
 
Students conducting this lab will be first asked to calculate microStrains to be expected when loading a 
cantilever beam with a single load on its free end. The following information will be provided to the 
students: 
 Material of cantilever beam: Al-6061-T6 
 Mass used: 200g, 500g, 1000g 
         EQ14 
         EQ15 
              EQ16 
                 EQ17 
 
The variables used for equations 14 thru 17 are as follows, by order of appearance: F, force; m, mass; a, 
acceleration due to gravity; M, moment of force; L, length of beam; I, moment of inertia; b, width of 
beam; h, thickness of beam; ε, engineering strain; E, modulus of elasticity. 
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Students will obtain the unknown variables by measuring the cantilever beams dimensions; length, 
width, and thickness. To calculate the modulus of elasticity for Al-6061-T6, students will use the website 
MatWeb: Material Property Data (Automation Creations, Inc.). This website hosts information for 
materials including but not limited to physical properties, alloy composition, and thermal properties. For 
this exercise, MatWeb will be used for the modulus of elasticity, a mechanical property.  
 
The dimensions that students should measure will be within the limits shown below:  
 Beam length  0.20-0.25m 
 Beam width  0.023-0.028m 
 Beam thickness  0.0028-0.0033m 
All known variables are now listed in Figure 12. 
 
 
Figure 12 – Known values needed for force measurement 
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After measuring the beams dimensions and using MatWeb for the beams modulus of elasticity, students 
will be able to use equations 14 thru 17 to calculate force and strain. The strain calculations will be used 
to relate calculations to be provided by LabView during the laboratory session (See Results). 
 
The appendix of this paper pictures a complete ‘Front Panel’ and ‘Block Diagram’ that students will have 
completed before the measurements are taken. The wiring diagram (See Appendix) will also be provided 
to students in order to connect the strain gage to the bread board and ultimately to the Data Acquisition 
box. From here, students will run the LabView program and use LabView to balance the Wheatstone 
bridge. The program will notify the students when the bridge is balanced, allowing the students to take 
measurements. Initially, students will be asked to place nominal weights on the cantilever beam to 
ensure their program is working. 
 
Figures 13 and 14 show a preliminary test with the program running with the cantilever beam correctly 
wired. These graphs confirm the program is responding because the output values correspond to the 
increasing mass applied on the beam. The bridge was balanced before applying 200g of mass to the 
beam in Figure 13. After the mass was removed from the beam, 500g of mass was placed on the beam. 
The following graphs represent the magnitudes of each mass (200g, 500g, and 100g).  The ‘Calibrated 
microStrain’ box in the upper left hand corner of the graph shows the value of microStrain of the beam 
in a zeroed steady-state.  
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Figure 13 – Calibrated microStrain graph showing magnitude of strain when applying 200g and 500g, 
respectively. 
 
Figure 14 – Calibrated microStrain graph showing magnitude of strain when applying 500g and 1000g, 
respectively. 
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Experiment 
 
Figure 15 - Wiring diagram used in experiment 
 
Figure 16 - Data Acquisition Box (DAQ box) 
January 27, 2016 [COMPARING STRAIN GAGE MEASUREMENTS TO FORCE 
CALCULATIONS IN A SIMPLE CANTILEVER BEAM] 
 
21 | P a g e  
MQP, Hazel 
 
Figure 17 - Breadboard with Wheatstone bridge bottom left corner 
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Figure 18 - Cantilever beam before and after installation  
 
 
Figure 19 – Free Body Diagram of cantilever beam 
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Figure 20 - Wiring used for circuit 
 
 
Figure 21 - Weights used in experiment 
 
January 27, 2016 [COMPARING STRAIN GAGE MEASUREMENTS TO FORCE 
CALCULATIONS IN A SIMPLE CANTILEVER BEAM] 
 
24 | P a g e  
MQP, Hazel 
Students will be given the equipment and tools listed and the wiring diagram provided in this section. 
The laboratory professor will provide students with processes and information on how to complete the 
LabView program. When the LabView program and Wheatstone bridge are complete, students will be 
asked to run the program and place 200g on the cantilever beam.  At this point, students should see a 
response within the LabView program within the calibrated microStrain chart on the front panel. 
Students will run the program a second time while placing loads of 200g, 500g, and 1000g, at separate 
times. This will allow students to record data from the LabView program to an independent excel file. 
Within the excel file, students will graph ‘calibrated microStrain’ and relate their previous calculations to 
data they recorded with LabView. 
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Results 
 
 
Figure 22 – Excel calculations with answers in microStrains 
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Figure 23 – Calibrated microStrain graph showing magnitude of strain when applying 200g and 500g, 
respectively. 
 
Figure 24 – Calibrated microStrain graph showing magnitude of strain when applying 500g and 1000g, 
respectively. 
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Using the values and equations provided in the Measurement section, microStrains were calculated for 
their corresponding applied mass (See Figure 21). 
 200g ~ 154 microStrains 
 500g ~ 385 microStrains 
 1000g ~ 772 microStrains 
The final answers represented above are confirmed with Figures 22 and 23, a LabView output 
expressing microStrains for a given applied mass. 
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Figure 25 - Sample of excel file output from LabView 
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While running the the experiment, data was recorded from LabView onto an excel file. A calibrated 
microStrain v.s. mass graph can be created. Calibrated microStrain data is located within the excel file, 
and the applied mass is a known variable throughout the lab. The graph below is a visual representation 
of the data collected. 
 
 
 
Figure 26 - MicroStrains recorded for specific masses – excel 
 
The above graph, along with the calibrated microStrain graph earlier within this section, conclude that 
the results are accurate. The hand calculations show strong resemblance to the data collected from the 
LabView program: 
y = 0.6684x - 1.316 
R² = 0.9984 
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Figure 27 - Answers from calculations-
 
Figure 28 - Data collected from LabView Program 
 
The calculations shown in Figure 27 were completed previously to recording data from LabView. Figure 
28 shows sample data from a test run for the respective loading applied. The column labeled ‘Time(s)’ 
represents the time in which data was recorded with respect to initially starting the LabView program. 
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Conclusions 
This experiment showed a strong comparison between theoretical calculations and the solution 
obtained through the laboratory procedures. The hand calculation were used as a starting point to 
relate the output given by LabView. The experiment was constructed and executed multiple times to 
ensure that the relationship was valid. It is recommended that this measurement experiment should use 
a half bridge set up in the future. The half bridge, in comparison to the quarter bridge used in this paper, 
will be more sensitive and able to detect more sensitive strain. With this new half bridge set up, the 
LabView program must be altered to accommodate. Also, new equations must be derived in replace of 
the quarter bridge equations. The experimental set up for the current quarter bridge circuit allows for a 
half bridge to be implemented.  
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Appendix 
 
 
Figure 29 - Front Panel of LabView 
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Figure 30 - First section of block diagram in LabView 
 
Figure 31 - Second section of block diagram in LabView 
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Figure 32 - Third section of block diagram in LabView 
 
Figure 33 - Fourth section of block diagram in LabView 
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Figure 34 - Fifth section of block diagram in LabView 
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Figure 35 - Sixth section of block diagram in LabView 
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The first section of the LabView program, Figure 30, directs the output and input voltage across the 
circuit. The input voltage is located to the far right of Figure 30 within the stacked sequence. This allows 
the user to maintain separate voltages across A-E and D-B, ±0.2V and ±10V, respectively. In Figure 31, 
the case structure on the left balances the bridge by removing excess voltage within the system, ‘labeled 
iterative solution for bridge balance’. From this, a series of equations must be solved to relate the 
change in resistance on the strain gage to strain, located within the formula node in Figure 32. The 
values are then re-scaled from strain to microStrains and calibrated, as shown in Figure 33. Figure 34 
shows the timing module which is used to record data with respect to time. The recorded data is then 
printed to an independent excel file, as shown in Figure 35. 
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